Abstract Epidural spinal cord stimulation (SCS) is currently proposed to treat intractable neuropathic pain. Since the 1970s, isolated cases and small cohorts of patients suffering from dystonia, tremor, painful leg and moving toes (PLMT), or Parkinson's disease were also treated with SCS in the context of exploratory clinical studies. Despite the safety profile of SCS observed in these various types of movement disorders, the degree of improvement of abnormal movements following SCS has been heterogeneous among patients and across centers in open-label trials, stressing the need for larger, randomized, double-blind studies. This article provides a comprehensive review of both experimental and clinical studies of SCS application in movement disorders.
Introduction
Epidural spinal cord stimulation (SCS) has been a wellestablished, reversible, and adjustable therapy for certain types of neuropathic pain since 1967 [1] . The technique consists of inserting an epidural lead containing multiple stimulating electrodes (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) . The leads can be percutaneous or surgical paddle leads. The percutaneous leads are cylindrical insulated catheters. The surgical leads are flat with an insulated backing and need a micro-laminectomy for their placement. The leads are connected to a pulse generator that contains a battery and programmable components of the device. Implantation of the whole SCS system requires a surgical procedure under aseptic conditions. In patients suffering from chronic and intractable neuropathic pain, SCS results in pain relief, improvement in activities of daily living, and a reduction in analgesics dosage [2] [3] [4] [5] . Neuroimaging studies using either functional magnetic resonance imaging techniques and positron emission tomography with H 2 15 O have suggested an activating effect of SCS within the thalamus contralateral to the pain, somatosensory, premotor, anterior cingulate cortex, and prefrontal areas [6, 7] .
In 1973, a patient with multiple sclerosis (MS) receiving SCS for pain was reported to have major improvement of some motor aspects of the disease, including amelioration of paraparesis, as well as speech and swallowing impairment, resulting in an overall decrease of disability [8] . Since this preliminary observation, many patients suffering from motor disorders treated with SCS have been reported. Subsequent open-label clinical trials using SCS have emerged in different types of movement disorders, as illustrated by the publication of large series of patients, up to 1336, operated between 1972 and 1997 [9] . More recently, promising studies in animal models of Parkinson's disease (PD) brought SCS up to date in movement disorders [10, 11] , followed quickly by case reports in patients suffering from PD [12] [13] [14] [15] [16] [17] .
SCS generates its therapeutic effect not only through electrophysiological changes at the dorsal horn level but also on deep nuclei structures of the brainstem and the forebrain [7, 10, 18, 19] . Thus, the spinal cord, through its anatomical structure and organization, could facilitate an ascending remote effect by modulating the neuronal activities of deep brain structures. This effect might be of interest in diseases associated with basal ganglia dysfunctions. Anatomically, the main dorsal columns convey ascending sensory information from somatic mechanoreceptors to the thalamus and sensory cortex (Fig. 1 ). This sensory pathway may account for a possible remote effect of SCS as spinal cord leads are surgically implanted inside the epidural space with electrodes facing the dorsal surface of the cord (Fig. 2) . Thus, the current delivered by a lead is distributed in the 3-dimensional space within the most dorsal part of the spinal cord through the dura mater. The amount of injected current depends on both the applied voltage of the stimulation pulse and the impedance between 2 stimulator outputs. All these electrical parameters obey Ohm's Law (voltage = current/ impedance) and induce isopotential lines that cover variable portions of the spinal cord depending on the voltage or current force [20] .
This article provides a comprehensive review of all SCS applications in movement disorders.
Dystonia
Cervical SCS for patients with cervical dystonia was first proposed by Gildenberg in 1971 based on the observation that sensory stimulation ("sensory trick") may reduce the severity of dystonic movements and postures in cases of focal dystonia [21] [22] [23] . Twenty patients with spasmodic torticollis were treated with transcutaneous stimulation or underwent surgical implantation of a dorsal column stimulator located at the C1-C2 level. Eleven patients were finally excluded from surgery (most owing to lack of response to percutaneous stimulation). Three had sufficient relief with transcutaneous stimulation only. The remaining 6 patients had surgically implanted cervical stimulators. Therapeutic response was evaluated on head position, comfort, and global disability, and was rated as "excellent" in 1 patient, "good" in 3 patients, "fair" in 1 patient, and "poor" in 1 patient. Two additional patients with generalized dystonia were also evaluated. One patient did not respond to transcutaneous stimulation, but the other was surgically implanted and became less disabled in activities of daily living after cervical SCS. The best effect on dystonic symptoms was obtained with a frequency of 800-1100 Hz. A second team reported a series of 18 patients suffering from spasmodic torticollis who benefitted from cervical (C2-C4) high-frequency stimulation [24] ; 10 patients were surgically implanted with 4-contact electrodes, and 8 with percutaneous electrodes. Half the patients had a very good (disappearance of torticollis in 7 patients) or good (no torticollis at rest in 2 patients) outcome. Five had satisfactory results (subjective and moderate objective improvement or lack of follow-up), and 4 patients had unsatisfactory results, including 3 patients explanted following infection.
Following these initial studies on cervical dystonia, cervical SCS was progressively applied for other types of dystonia, including generalized and secondary dystonias. In 1987, Waltz et al. [25] reported a large series of 129 dystonic patients treated with cervical SCS. Qualitative analysis of dystonic posture, spasms, and functionality showed that up to 79 % of patients demonstrated some improvement, with 29 % of the patients having a marked improvement. Dystonic patients displaying peripheral, axial, and pseudobulbar manifestations also had reduced incidence of dystonic movements and improvement of dexterity, walking and balance, and dysphagia [25] . Better results were obtained using multilead electrodes (quadripolar) rather than a 2-electrode system (bipolar). In another group of 66 patients undergoing SCS for spasmodic torticollis, and evaluated with the same pattern of multiple qualitative scales, including rating of pain, torticollis, spasm, and function, 77 % demonstrated some improvement, including 38 % having marked improvement [25] . However, the heterogeneity of the population in this study, which included patients with cerebral palsy, spinal cord injury, degenerative diseases, and idiopathic dystonia, in addition to the absence of reproducible stimulation parameter settings, and the descriptive nature of the assessments, preclude any definitive conclusions on the therapeutic value of this procedure.
In 1985, Fahn [26] questioned the beneficial results from cervical SCS and reported negative results, with only 1 patient having a long-lasting benefit among 25 dystonic patients receiving cervical SCS. In this report, the author strongly tempered the positive publicity around the neurological changes following SCS in previous uncontrolled studies. Similarly, a Spanish team [27] also reported 3 dystonic and 2 spasmodic torticollis patients with poor improvement of dystonia except in 1 patient.
Following these controversial results, Goetz et al. [28] designed a double-blind trial in 10 dystonic patients. The patients were implanted with a cervical stimulation device, and the study followed a crossover design with 2 different settings of parameters, 1 improving dystonia and 1 having no effect on dystonia (75 Hz and 1000 Hz, respectively). Despite subjective improvement in 4 patients, objective assessments, including severity of dystonia, time spent in dystonic posture, and severity of spasms, were not significantly improved [28] .
Thus, most early studies of dystonic patients undergoing cervical stimulation, summarized in Table 1 , showed fair relief with>50 % patients improved (79 % in the largest series). However, it is difficult to determine whether this overall improvement is a result of pain relief or actual alleviation of dystonic movements. Furthermore, the placebo effect may have accounted for a large part of these results [29] . The only double-blind clinical trial had a limited value because of the small sample size, but did not confirm any beneficial effect of SCS in dystonia [28] . Most studies involved patients suffering from spasmodic torticollis with a speculative mechanisms of action, relying on alteration of propriospinal fibers involved in the regulation of tonic reflexes of the neck, thus interrupting the tonic neck reflex pattern [22] , or an action on the reticular activating system [30] . Cervical SCS for dystonia was progressively abandoned in the 1990s owing to the emerging successful use of botulinum toxin injection [31, 32] . 
Nonparkinsonian Tremors
Only few clinical studies have examined the effect of SCS in patients with nonparkinsonian tremors (Table 2) . Clinical beneficial effects of SCS on tremor have been occasionally reported in patients with MS [33] . In the study by Fredriksen et al. [33] , 19 patients with MS suffering from tremor (7 of marked and 12 of moderate severity) were implanted with a cervical spinal cord electrode. Primary endpoints included bladder dysfunction and walking abilities, but 11 % of the patients also reported a beneficial effect of SCS on their tremor (none with marked improvement, 68 % with unaltered tremor, and 16 % information lacking). Thoracic SCS has also been investigated in 2 patients suffering from medically intractable orthostatic tremor [34] . Both patients had subjective and objective improvement of unsteadiness within a range of frequencies between 50 to 150 Hz. Electromyographic recordings showed that typical electrical features of orthostatic tremor persisted with a 52 % reduction of the amplitude during SCS. At 1 year, the reported improvement in the length of time patients were able to stand still was maintained, increasing from 2 to>5 min in 1 patient, and from 10 to 102 s in the other. The effect persisted at 3 years for 1 of the patients. In orthostatic tremor, the feeling of instability could be related to a "tremulous disruption" of proprioceptive afferent activity of the legs. SCS could, thus, act by partially masking this pathological disruption, reducing the vicious circle [34] . Beneficial effects of SCS on tremor have also been reported in some patients with dystonia [28] . At present, there are no published reports about SCS in essential tremor. Thus, data concerning the efficacy of SCS in tremor are limited. The positive results in MS associated with tremor and orthostatic tremor have to be confirmed in placebo-controlled studies.
Painful Leg and Moving Toes
Painful Leg and moving toes (PLMT) is a rare syndrome characterized by leg pain, frequently with neurogenic features, associated with involuntary movement of toes [35, 36] ; it affects one or both legs and can also involve the upper limbs. The pathophysiology of PLMT entity is unknown. Concomitant neuropathy or radiculopathy is frequently observed, leading to the hypothesis that a peripheral injury induces a central reorganization, with a generator at the spinal cord or brainstem level. When required, treatments are often disappointing [36] , with few cases reporting efficacy of some pharmacotherapy, lumbar sympathetic block [37] , transcutaneous electrical nerve stimulation and/or vibratory stimulation [38] , and nerve root decompression [39] . Dorsal (T10-T11) SCS for 20 min twice a day has also been reported to improve a medically resistant PLMT patient: pain and involuntary movements almost disappeared during stimulation, and recurred between stimulation periods at lower intensity. This effect persisted 6 months after the implantation [37] . In another case, a 59-year-old woman with PLMT experienced substantial improvement of her widespread pain and near disappearance of toe movements following dorsal SCS during a 13-month followup period [40] . In contrast, a 75-year-old woman implanted with epidural SCS did not have any beneficial effect on PLMT associated with herpes zoster myelitis [41] .
Reported cases are too few to make any firm conclusions about the motor effects of SCS in PMLT. As PLMT is associated with neuropathic pain, it is possible that SCS may act through relieving the pain rather than normalization of abnormal movements in PLMT. SCS may disrupt the vicious circle by stopping the peripheral pain. Parkinson's Disease PD is a neurodegenerative disease affecting predominantly dopaminergic neurons within the pars compacta of the substantia nigra. Symptomatic medical treatments such as Ldopa and dopaminergic agonists demonstrate a remarkable efficacy on motor symptoms at the initial phases of PD. However, over time, motor symptoms become more difficult to control using dopaminergic treatments alone owing to the development of motor fluctuations and dyskinesias. DBS of the medial pallidum or the subthalamic nucleus (STN) has a beneficial effect on motor symptoms of selected patients with PD [42] . However, DBS is a complex and invasive surgery, and in some instances may worsen dysarthria or gait abnormalities [43] . Potential adverse events may explain why DBS is restricted to a small population of patients, stressing the need to develop new techniques that are more accessible and less invasive to treat the motor symptoms of PD.
Animal Studies
Fuentes et al. [10] stimulated the dorsal column in 2 rodent models of PD with a bipolar platinum electrode chronically implanted epidurally above the dorsal columns of the spinal cord at the upper thoracic level. They evaluated the effect of this intervention in mice before and after an acute pharmacologically induced dopamine depletion by systemic injection of a tyrosine hydroxylase inhibitor, alpha-methyl-para-tyrosine. The result showed that SCS dramatically improved locomotion, particularly at 300 Hz, increasing locomotor activity up to 26-fold of baseline scores. They used control stimulation experiments employing air-puffs or trigeminal nerve stimulation, which led to the absence of locomotor improvement. Both cortical and striatal local field potentials and singleneuron firing patterns were altered during stimulation of the dorsal column, shifting neuronal activity into a state resembling that observed during spontaneous initiation of locomotion [10] . Thus, the authors hypothesized that dorsal column stimulation could induce a brain state permissive of locomotion. They also performed experiments in a model of chronic dopamine depletion using chronic 6-hydroxydopamine (6-OHDA) lesioned rats. Locomotor activity also improved with SCS in these animals. In another study [44] , chronic high thoracic SCS prevented the severe body weight loss induced by bilateral intrastriatal 6-OHDA lesions compared with sham operated animals, and restored their motor function, including posture and gait. Strikingly, tyrosine hydroxylase (TH) immunoreactivity in the striatum and substantia nigra pars compacta and TH levels in both structures were significantly preserved in SCS treated 6-OHDA-lesioned rats compared with 6-OHDA-lesioned rats that did not receive SCS. The authors speculated that these results could suggest a neuroprotective effect possibly related to increased production or delivery of neurotrophic factors [44] . In addition, Fuentes et al. [11] also studied chronic bipolar high thoracic SCS in marmosets with parkinsonism induced by unilateral or bilateral medial forebrain bundle lesions with 6-OHDA. SCS alleviated parkinsonian symptoms and consistently modulated the neuronal firing rate in different structures, mainly in the ventral lateral thalamus, ventral posterior lateral thalamus, and STN. Furthermore, the oscillatory activity observed in the beta range, which is considered one of the hallmarks of parkinsonian electrical abnormalities, was reduced only when SCS was switched on [11] .
Human Studies
Recently, clinical observations using electrical SCS yielded conflicting results (Table 3 ). An initial report of 2 patients with PD treated with SCS did not show any benefit [12] . The patients were 75 and 77 years old, respectively, and had moderate-to-severe motor impairment with poor levodopa responsiveness. Both had a spinal electrode implanted surgically into the high cervical epidural space without any adverse events. They participated in a double-blind crossover study assessing motor function. Patient 1 was stimulated at 130 Hz and patient 2 at 300 Hz in 3 different conditions: OFF stimulation, subthreshold stimulation (without paresthesia), and suprathreshold stimulation (with paresthesia). Stimulation in any condition did not provide acute improvement of Unified Parkinson's Disease Rating Scale (UPDRS)-III scores, gait, or balance.
Our team reported a 74-year-old man who had been treated for lower limb neuropathic pain with a T9-T10 epidural stimulation for 13 years [13] . The patient was diagnosed with PD 8 years after SCS implantation. His parkinsonian symptoms were sensitive to levodopa, with a 50 % improvement of the off-medication UPDRS-III score. Axial signs were not predominant and cognitive function was preserved. The patient had noticed that tremor increased when SCS was off. SCS could improve up to 50 % of the off-medication UPDRS III score when stimulation was switched on at 130 Hz. Motor improvement was mainly observed on tremor of both upper and lower limbs [13] . A similar observation was made in a 68-year-old patient with PD who underwent SCS at the T9-T11 level for postlaminectomy neuropathic pain and whose parkinsonian symptoms, particularly tremor, were improved when the stimulation was switched on [14] . Additionally, a 43-year-old woman with PD who benefited from stimulation at the C2 level for neck and upper extremity neurogenic pain displayed a 40 % improvement in the motor UPDRS-III score following SCS [15] . A larger Japanese study of 15 patients with PD suffering from neuropathic pain and treated with thoracic SCS using percutaneous leads showed some improvement in PD symptoms [16] . Because pain localization [12] , which concluded a lack of clinical benefit, the 2 patients were>70 years old, had advanced disease with poor levodopa responsiveness, and 1 had severe gait abnormalities. These clinical features strongly suggest the presence of additional extranigral nondopaminergic lesions. Although the patient reported by our group was> 70 years of age, he had an excellent response to levodopa with limited axial motor impairment. Similarly, in the study by Agari and Date [16] the patients displayed limited axial symptoms without any major gait abnormalities. Patients in the 2 other reports [18, 19] were younger (43 and 68 years old, respectively), but their clinical characteristics were less precisely described. All these reports suggest that the quality of levodopa response may account for the level of motor effect following SCS. It is also likely that SCS affects PD symptoms differently, as tremor was the most responsive symptom [13] [14] [15] .
Second, the methods used were heterogeneous and debatable in some respects. For example, Thevathasan et al. [12] reported a single acute assessment performed as early as 10 days after surgery, the "on-condition" being evaluated only 20 min after switching the stimulator on. However, the patients described by Fénelon et al. [13] underwent 4 acute clinical testing sessions done several years after surgery, with evaluations performed 30-60 min after switching the stimulator on or off. Another important possible bias is the relief of pain observed in the vast majority of patients. Indeed, gait improvement and global well-being induced by reducing pain may have a beneficial influence on symptoms of PD [13] [14] [15] [16] [17] . Finally, it should be emphasized that the stimulation in most cases was initially performed to treat neuropathic pain and not PD symptoms. As a result, the level of SCS (cervical vs thoracic) varied, and the leads were different in size and shape among patients, rendering the interpretation of the clinical benefit even more difficult.
Although encouraging, no definite conclusions can be drawn from these few preliminary reports in PD. Randomized double-blind clinical studies are required to prove the motor effects of SCS on parkinsonian symptoms. Both levodoparesponsive and levodopa-nonresponsive symptoms need to be assessed assuming that SCS may also act through increased somatosensory inputs arising from mechanoreceptors and travelling within the lemniscal pathways to the brain stem.
Pathophysiology
At present, the symptomatic effects of SCS observed in movement disorders are mainly based on the assumption that SCS can modulate the ascending sensory pathways to restore motor abnormalities. This hypothesis has been essentially established from animal models of PD. Thus, the imbalance between the striatal efferent direct and indirect pathways in PD induce inhibition of brainstem and thalamo-cortical pathways. These are responsible for abnormal synchronization of neuronal activation in the cortico-basal ganglia circuit [45] , perpetuating the inactive cortical state, and thus preventing the transition to a cortical state permitting initiation of voluntary movements [46, 47] . SCS may induce excitation of dorsal columns [48] , increase cortical and thalamic output, and thus activate the thalamo-cortical-pathway, allowing desynchronization of cortico-basal abnormalities observed in PD [49] .
In PD, diencephalon-spinal dopaminergic neuronal pathways could be altered [50] , and α-synuclein and Lewy bodies have been observed in the spinal cord of patients with PD [51] . However, it is unlikely that SCS could have a direct impact on these neuronal abnormalities to improve motor behavior.
Concluding Remarks
SCS has been assessed as a symptomatic treatment of various neurological conditions. The first recognized clinical application was for neuropathic pain for which clinical efficacy has been fully proven through compelling clinical reports. In the 1970s and 1980s, SCS was reported in open-label clinical trials in a variety of neurological diseases involving motor function (cerebral palsy, Friedreich or other hereditary cerebellar ataxias with spasticity [52] , amyotrophic lateral sclerosis, dystonia, multiple sclerosis, etc.) to alleviate spasticity, ataxia, or various movement disorders. More recently, there has been an interest in treating motor symptoms of PD, as well as pain and abnormal movements in some patients suffering from PLMT. Despite these numerous studies, clinical evidence is still insufficient to consider such a neuromodulation technique applicable for abnormal movement symptoms. Indeed, the extent to which the reported improvements in motor function and movement is due to reduction of pain severity is difficult to assess, and the placebo effect can be particularly high in surgical therapies [29] . Randomized, controlled, double-blind trials are thus mandatory to gain a clear therapeutic picture for SCS.
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